
, 

I B70 01011 
. -  ' BELLCOMM. INC. 4 

1 .e* 
955 CENFANT P W A  NORTH, S.W. WASHINGTON, D. C. 2@24 

. SUBJECT: Space Tug Operat ions i n  Assoc ia t ion  DATE: January 9 ,  1970 
W i t h  t h e  I n t e g r a t e d  Program - 
Case 105-3 FROM: M. H. Skeer 

ABSTRACT 

The space  tug  def ined  i n  the I n t e g r a t e d  Program Plan 
z 3." 

a is  a r eusab le  and v e r s a t i l e  propuls ion  module capable  of per -  
F- forming v a r i e d  space  ope ra t ions  i n  suppor t  of earth o r b i t a l ,  
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o l u n a r ,  and p l a n e t a r y  missions.  I n  this memorandum space t u g  

propuls ion  module t a s k s ,  payloads, and v e l o c i t y  requirements  
are surveyed i n  s o m e  d e t a i l  and the i m p l i c a t i o n s  of achiev ing  
a v e r s a t i l e  t u g  system considered. 
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INTRODUCTION 

The space  t u g  def ined  i n  t h e  I n t e g r a t e d  Program P lan  
( r e f e r e n c e  1) i s  a h igh ly  r eusab le  v e r s a t i l e  propuls ion  module 
capable  of performing v a r i e d  space ope ra t ions  i n  suppor t  of 
e a r t h  o r b i t a l ,  l u n a r ,  and p l ane ta ry  missions.  I n  t h i s  memoran- 
dum a broad spectrum of p o s s i b l e  space t u g  t a s k s ,  payloads and 
v e l o c i t y  requirements  are considered. S u i t a b i l i t y  of d i f f e r e n t  
space  t u g  s i z e s  f o r  performance of missions i n  t h e  I n t e g r a t e d  
Program are d iscussed .  

SPACE TUG CHARACTERISTICS 

Space tugs  are a c l a s s  of v e h i c l e s  which f u l f i l l  t h e  
need for  mob i l i t y  i n  t h e  space environment. 
t u g  ope ra t ions  are summarized i n  T a b l e  1. Ear th  o rb i t  opera- 
t i o n s  i n c l u d e  ac t iv i t i e s  w h i c h  d i r e c t l y  suppor t  a space s t a t i o n  
or  base, provide f o r  s e r v i c i n g  of independent modules and 
sa te l l i t es ,  and provide l o g i s t i c s  from l o w  o r b i t  t o  synchronous 
o r b i t  space s t a t i o n s .  I n  a s s o c i a t i o n  wi th  a l u n a r  o r b i t  base  
or  e a r t h  o r b i t / l u n a r  o r b i t  s h u t t l e ,  t h e  space  t u g  can d e l i v e r  
crew t o  and from the s u r f a c e ,  t r a n s f e r  l a r g e  payloads t o  t h e  
s u r f a c e  from l u n a r  park ing  o r b i t ,  and provide s u r f a c e  t o  o r b i t  
rescue  c a p a b i l i t y .  The t u g  could a lso be u t i l i z e d  as a 4th 
s t a g e  on Sa turn  V t o  d e l i v e r  l a r g e  payloads t o  the moon be fo re  
a v a i l a b i l i t y  of  a ear th  o r b i t / l u n a r  o r b i t  s h u t t l e .  With a 
p l a n e t a r y  s p a c e c r a f t  t h e  t u g  can perform midcourse c o r r e c t i o n  
maneuvers and major maneuvers such as mission module escape 
from p l a n e t a r y  park ing  o r b i t ,  and r e t r o b r a k i n g  of e a r t h  r e t u r n  
payload i n t o  h igh ly  e l l i p t i c a l  ear th  o rb i t .  (These func t ions  
could  a l t e r n a t i v e l y  be performed by t h e  main p l a n e t a r y  propuls ion  
system.) I n  a dua l  p l a n e t a r y  s p a c e c r a f t  mode t h e  t u g  could  
provide  rescue  c a p a b i l i t y  between the t w o  s p a c e c r a f t  i n  t h e  
e v e n t  of main propuls ion  system f a i l u r e .  

P o t e n t i a l  space  

TUG PAYLOADS AND MISSION PECULIAR EQUIPMENT 

The core of t h e  space t u g  concept  is a propuls ion  
module which must be adaptab le  t o  a wide range of payloads 
and can be modified t o  s u i t  s p e c i a l i z e d  mission requirements .  
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T a b l e s  2 and 3 summarize p ro jec t ed  space tug payloads and mission 
p e c u l i a r  modi f ica t ions ,  respec t ive ly .  Many mission a p p l i c a t i o n s  
would require incorpora t ion  of a c r e w  capsule  nominally designed 
t o  suppor t  a crew of up t o  6 f o r  s e v e r a l  days t o  several weeks. 
I n  a s s o c i a t i o n  wi th  the propuls ion module the capsule  might be 
r equ i r ed  t o  s e r v e  as a f a c i l i t y  f o r  i n  s i t u  sa te l l i t e  s e r v i c i n g ,  
a cabin f o r  c r e w  t r a n s p o r t  between low e a r t h  o r b i t  and a geo- 
synchronous o r b i t  space s t a t i o n ,  a l u n a r  s u r f a c e  t o  o r b i t  t r a n s -  
f e r  v e h i c l e ,  and a s h o r t  term luna r  s u r f a c e  base.  
missions t h e  capsule  could be propuls ive ly  braked i n t o  e l l i p t i c a l  
e a r t h  parking o r b i t  f o r  subsequent r e t r i e v a l  by t h e  space s h u t t l e ,  
and on p l ane ta ry  mis s ions  i n  which t h e  dua l  s p a c e c r a f t  mode i s  
employed t h e  capsule  could be used f o r  c r e w  rescue.  

On p lane ta ry  

For  some missions unmanned mainpulators  could be 
s u b s t i t u t e d  f o r  the c r e w  capsule.  
on t h e  o rde r  of 1000 l b s  ( reference 2) could accomplish b a s i c  
s e r v i c i n g  t a s k s  i n  s i t u  o r  pick up a satel l i te  f o r  s e r v i c i n g  
a t  t h e  s t a t i o n .  A cargo module could a l t e r n a t e l y  be u t i l i z e d  
f o r  t r a n s p o r t  of l a r g e  unmanned payloads.  

Small  unmanned manipulators  

Lunar s u r f a c e  operat ions would r e q u i r e  add i t ions  t o  
the tug  comprised of landing gea r  and r a d a r ,  and unloading 
equipment f o r  handl ing of su r face  payloads.  Tugs i n  assoc ia-  
t i o n  wi th  p l ane ta ry  spacec ra f t  may r equ i r e  r e f r i g e r a t i o n  f o r  
long term p r o p e l l a n t  s to rage .  

Space tug  propuis ive capabiiity coiiid isle exteiided by 
u t i l i z a t i o n  of s t aged  tugs.  A l t e r n a t e l y ,  tug  designs may i n -  
corpora te  expendable strap-on tanks - t h i s  p o s s i b i l i t y  has  n o t  
been s t u d i e d  here .  

PROGRAM CONSTRAINTS 

The space tug is  sub jec t  t o  i n t e r f a c e  c o n s t r a i n t s  
imposed by o t h e r  hardware elements of t h e  I n t e g r a t e d  Program. 
T h e  space tug  i s  t o  be launched i n  t h e  space s h u t t l e  w i th in  a 
payload con ta ine r  which is cu r ren t ly  conceived a s  having nominal 
dimensions of 15 f t  diameter and 60 f t  length.  A 22 f t  diameter  
con ta ine r  bulge of 30 f t  length i s  however being considered f o r  
i nco rpora t ion  of l a r g e r  diameter payloads ( r e fe rence  3 ) .  Space 
s h u t t l e  payload weight a t  launch i s  l i m i t e d  between 25 and 50 K. 
The tug  could however be launched o f f  loaded, i f  g ros s  weight 
exceeded t h i s  l i m i t .  

For space operat ions t h e  tug  would be r e fue led  either 
from t h e  s h u t t l e  o r  a t  a t a n k  farm on o r b i t .  Some opera t ions  
such a s  s a t e l l i t e  s e r v i c i n g  requi re  t h a t  the t u g  be capable of 
ope ra t ing  e s s e n t i a l l y  as a t h i r d  s t a g e  of t h e  space s h u t t l e .  
T h i s  could be necessary i f  fo r  example the  s a t e l l i t e  w e r e  



- 3 -  BELLCOMM, INC. 

1 i naccessab le  t o  t h e  space s t a t i o n  due t o  excess ive  p lane  change 
AV; t h e  t u g  would then  be launched d i r e c t l y  i n t o  t h e  o r b i t  
p l ane  of the s a t e l l i t e  by t h e  s h u t t l e .  I n  t h i s  circumstance 
t h e  t u g  might have t o  be o f f  loaded t o  m e e t  t h e  s h u t t l e  payload 
weight  l i m i t a t i o n s  so t h a t  impulse v e l o c i t y  would be somewhat 
reduced compared t o  launch from a space  s t a t i o n .  The t u g  would 
r e e n t e r  t h e  s h u t t l e  payload bay f o r  r e t u r n  t o  e a r t h .  

The l u n a r  landing  mission would s i z e  t h e  engine and 
govern t h r o t t l i n g  requirements,  and could a lso impose t h e  con- 
t r o l l i n g  s t r u c t u r a l  load  environment. Long term s t o r a g e  f o r  
p l a n e t a r y  missions i f  included as a b a s i c  design cons ide ra t ion  
would l i k e l y  govern t h e  thermal i s o l a t i o n  system design.  

PERFORMANCE CONSIDERATIONS 

Space t u g  opera t ions  involve  l o w  AV maneuvers i n  t h e  
v i c i n i t y  of space  s t a t i o n s ,  high AV maneuvers f o r  s a t e l l i t e  
s e r v i c i n g ,  placement, and r e t r i e v a l ,  and in t e rmed ia t e  AV f o r  
l u n a r  landing  a p p l i c a t i o n s  and p l a n e t a r y  mission payloads.  
Opera t iona l  modes and performance c o n s i s t e n t  wi th  t h e s e  mission 
classes are considered i n  the ensuing d i scuss ion .  
s i o n  Sys teWwith  a s p e c i f i c  impulse of approximately 460 secs, 
i s  assumed. P r o p e l l a n t  f r a c t i o n s ,  A ( r a t i o  of u s e f u l  p r o p e l l a n t  
t o  s t a g e  we igh t ) ,  between .80  and .85 are presumed depending on 
t h e  s i z e  of the t u g  system. 

LOZ/LH2 propul-  

High AV Maneuvers - Trans fe r  from a space s t a t i o n  t o  
a s a t e l l i t e  i n  another  o r b i t  gene ra l ly  involves  changing a l t i t u d e ,  
e q u a t o r i a l  i n c l i n a t i o n ,  and t h e  l i n e  of nodes. Although i n d i v i d u a l  
o r b i t  a l t i t u d e s  and i n c l i n a t i o n s  remain e s s e n t i a l l y  f i x e d  w i t h  
t i m e ,  as noted i n  Reference 4 ,  d i f f e r e n c e s  i n  nodal r e g r e s s i o n  
rates between t h e  s t a t i o n  and s a t e l l i t e  can cause nodal a l ignment  
t o  vary  s u b s t a n t i a l l y  w i t h  t i m e  (F igure  1 shows the  nodal regres- 
s i o n  rate as a func t ion  of a l t i t u d e  and o r b i t  i n c l i n a t i o n ) .  

F igures  2 and 3 r e s p e c t i v e l y  show contours  of c o n s t a n t  
AV from a space  s t a t i o n  and the t i m e  dependency of AV f o r  
va r ious  s a t e l l i t e  l o c a t i o n s  re la t ive t o  a space s t a t i o n .  As 
seen  i n  f i g u r e  3 ,  some sa te l l i t es  would be accessable f o r  long 
p e r i o d s  b u t  a t  i n f r e q u e n t  i n t e r v a l s  whi le  o ther  sa te l l i t es  
would be accessable a t  f requent  i n t e r v a l s  b u t  f o r  s h o r t  pe r iods .  
A s p e c i a l  s i t u a t i o n  arises between sa te l l i t es  and s t a t i o n s  a t  
common a l t i t u d e s  and i n c l i n a t i o n s  such as i n  sun-synchronous 
o r b i t  where no r e l a t i v e  nodal r eg res s ion  occurs .  I n  such cases 
major A V  maneuvers (p lane  change) s t i l l  are requ i r ed  i f  t he  
ascending nodes are no t  a l igned.  
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Figures  2 and 3 i n d i c a t e  t h a t  s i z a b l e  t r a n s f e r  v e l o c i t i e s  
may be r equ i r ed  f o r  s a t e l l i t e  s e r v i c i n g  and o t h e r  ea r th  o r b i t a l  
ope ra t ions .  S ince  tugs  are reusable ,  they must ach ieve  t w i c e  
t h e  one-way v e l o c i t i e s  i nd ica t ed .  Some high v e l o c i t y  missions 
would be achievable  only by tug s t a g i n g .  

I n  gene ra l  as a r e s u l t  of AV t i m e  dependency a d d i t i o n a l  
c o n s t r a i n t s  are p laced  on o r b i t a l  t r a n s f e r ,  i .e .  s e r v i c i n g  of 
satell i tes must w a i t  u n t i l  an opportune t i m e  f o r  t r a n s f e r  has  
a r r i v e d .  I f  s a t e l l i t e  down t i m e  must be minimized e i t h e r  1) t h e  
s a t e l l i t e  o r b i t  must conform t o  one t h a t  i s  f r e q u e n t l y  a c c e s s i b l e  
fo r  s e r v i c i n g  wi th  a reasonable  AV, 2) a s p a r e  s a t e l l i t e  must 
be provided, o r  3 )  t h e  s a t e l l i t e  must be s e r v i c e d  d i r e c t l y  from 
earth w i t h  the  space s h u t t l e  r a t h e r  than  f r o m  t h e  space  s t a t i o n .  

Figures  4-6 show the r e l a t i o n s h i p  between AV and 
space  t u g  weight f o r  r e p r e s e n t a t i v e  sets of payloads and 
o p e r a t i o n a l  modes. The o r d i n a t e  g ives  normalized t u g  weight 
( p e r  1000  l b s  of payload) and can be s c a l e d  l i n e a r l y  f o r  o t h e r  
payloads.  F igures  4 and 5 show r e s p e c t i v e  stage weights  r equ i r ed  
for  placement and re t r ieva l  of payload ( t y p i c a l l y  unmanned 
sa te l l i t es )  and f i g u r e  6 gives t h e  weight f o r  round t r i p  pay- 
load  (such as a manipulator u t i l i z e d  f o r  i n  s i t u  s a t e l l i t e  ser- 
v i c i n g ) .  Three modes are considered. Mode I employs a s i n g l e  
t u g  fo r  t h e  round t r i p .  Mode I1 employs a p a i r  of t ugs  which 
a r e  series s taged .  Here Tug A d e l i v e r s  Tug B and payload t o  
am in t e rmed ia t e  v e l n c i t y  and r o t u r ~ c  to t he  s t a t i m .  mi- 4. -3 B 
d e l i v e r s  and r e t r i e v e s  payload t o  t h e  r equ i r ed  v e l o c i t y  and 
r e t u r n s  t o  t h e  space s t a t i o n .  Mode I11 i s  a p e r t u r b a t i o n  of 
Mode 11. Tug A i s  r e f u e l e d  a t  t h e  s t a t i o n  and retrieves t h e  
f u e l  dep le t ed  tug  B and payload a t  an in t e rmed ia t e  o r b i t .  
T h e  technique  of each mode is schemat ica l ly  i n d i c a t e d  i n  
f i g u r e  7. 

Tugs can a l so  launch unmanned p l a n e t a r y  payloads i n  
modes s imi l a r  t o  those employed f o r  ear th  o r b i t  ope ra t ions  
( r e f e r e n c e s  5 and 6 ) .  I f  the forward t u g  i s  n o t  recovered 
s u b s t a n t i a l  i n c r e a s e s  i n  payload or  v e l o c i t y  can be achieved. 
F igures  8and 9 show t u g  w e i g h t  p e r  1000  l b s  of payload weight 
ve r sus  v e l o c i t y  for recoverable and non recoverable  tugs  
o p e r a t i n g  i n  s i n g l e  and s taged  t u g  modes. 

In te rmedia te  AV Maneuvers - The space t u g  i s  t o  be 
u t i l i z e d  f o r  d e l i v e r y  of crew and payload t o  t h e  l u n a r  s u r f a c e  
from a space s t a t i o n  or l u n a r  s h u t t l e  i n  l u n a r  o r b i t ,  and a l so  
f o r  c r e w  depa r tu re  f r o m  t h e  l u n a r  su r f ace .  One way AV's of  
approximately 7000 f p s  are requi red  f o r  i n  p l ane  descen t  and 
a s c e n t  trajectories t o  and from l o w  c i r c u l a r  l una r  o r b i t s .  
As an a l t e r n a t i v e  t o  l o w  c i rcular  o r b i t s ,  e l l i p t i c a l  park ing  
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o r b i t s  have been c i t e d  a s  being advantageous f o r  reducing l u n a r  
s h u t t l e  gross weight  and performance s e n s i t i v i t y  ( r e f e r e n c e  7 ) .  
This would r e q u i r e  t h e  tug  to achieve up t o  8800 f p s  f o r  i n  p l ane  
landing.  The AV difference between c i r c u l a r  and e l l i p t i c a l  o r b i t  
could however be o f f s e t  if plane change maneuvers f o r  t r a n s f e r  t o  
o r  f r o m  out-of-plane landing sites a r e  r equ i r ed .  

The p lane  change penal ty  could have a s i g n i f i c a n t  
a f f e c t  on t u g  s i z e ,  or  a l t e r n a t i v e l y ,  t u g  AV c a p a b i l i t y  could  
s i g n i f i c a n t l y  restrict  out-of-plane launch or landing.  A 
base  i n  p o l a r  l u n a r  o r b i t  has been cited as a p o t e n t i a l  goal 
of t h e  I n t e g r a t e d  Program. The p o l a r  o r b i t  i s  coplanar  w i th  
s u r f a c e  sites t w i c e  a month (as t h e  moon rotates under t h e  
o r b i t ) .  All l anding  sites can be reached wi th  t h e  minimum 
v e l o c i t y  b u t  s u b s t a n t i a l  p e n a l t i e s  can r e s u l t  f o r  emergency 
r e t u r n  or c u r t a i l e d  s t ay t imes  of less than  t w o  weeks. F igure  
1 0  ( r e f e r e n c e  8) shows plane change AV (above coplanar  AV) 
f o r  launching i n t o  a 60  nmi c i r c u l a r  o r b i t  as a func t ion  of 
launch window s i z e .  For example, a launch window of + 1 day 
r e q u i r e s  a t o t a l  AV of approximately 8600 f p s  compares t o  
7000 f p s  f o r  i n  p lane  launch. T h i s  i s  inc reased  t o  over 1 0 , 0 0 0  
f p s  for  a + 2 day window. T o  achieve t h e  inc reased  v e l o c i t y  
f o r  rescue-without i n o r d i n a t e  tug s i z i n g  p e n a l t i e s ,  t ugs  could 
be s taged .  T h e  landed t u g  could abort t o  an in t e rmed ia t e  or- 
b i t  and be r e t r i e v e d  by an o r b i t a l  t ug  which s u p p l i e s  t h e  
remaining p lane  change ve loc i ty .  

a t t r a c t i v e  f o r  ope ra t ions  i n  a s s o c i a t i o n  w i t h  t h e  l u n a r  o r b i t /  
e a r t h  o r b i t  s h u t t l e .  A more optimum s t a g i n g  r e s u l t s  fo r  e a r t h  
o r b i t  t o  l u n a r  s u r f a c e  l o g i s t i c s  which reduces l u n a r  s h u t t l e  
s i z e  s e n s i t i v i t y  t o  A ,  b u t  i n  t u r n  i n c r e a s e s  t h e  s i z e  of t h e  
tug.  For a 24 hour parking e l l i p s e  i n  p lane  landing  AV i s  
8600 f p s  versus  7000 f p s  from low c i r c u l a r  o rb i t .  However, if 
e x t e n s i v e  p lane  change is requi red  t h e  e l l i p t i c a l  o r b i t  can be 
more economical. Maximum plane change a t  apoapsis  i s  only 750 
f p s  so t h a t  complete landing  s i te  c a p a b i l i t y  can be achieved 
f o r  a one way v e l o c i t y  of 9 4 0 0  f p s  vs 1 4 0 0 0  f p s  f o r  l o w  c i r c u l a r  
o r b i t .  

E l l i p t i c a l  parking orb i t s  a t  t h e  moon are p o t e n t i a l l y  

Large payloads comprised of a luna r  s u r f a c e  base 
and suppor t  systems would be de l ive red  a t  t i m e s  of minimum 
AV. Thus p lane  change p e n a l t i e s  would apply p r i n c i p a l l y  t o  
crew l o g i s t i c s .  

Capab i l i t y  of t h e  tug propuls ion  module as a f o u r t h  
s t a g e  on Sa turn  V f o r  d e l i v e r y  of payload t o  l u n a r  o r b i t  p r i o r  
t o  a v a i l a b i l i t y  of t h e  ear th  o r b i t / l u n a r  o r b i t  s h u t t l e  is  shown 
i n  F igure  11 ( r e f e r e n c e  9). 
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Low AV Maneuvers - Low AV maneuvers could be r equ i r ed  
f o r  o r b i t  keeping of l a r g e  space s t a t i o n s  i n  e a r t h  and l u n a r  
o r b i t s ,  placement and s e r v i c i n g  of f r e e  f l y i n g  experiment modules 
i n  o r b i t s  e s s e n t i a l l y  t h e  same as t h a t  of t h e  space s t a t i o n ;  
and poss ib ly  midcourse c o r r e c t i o n  f o r  large p l a n e t a r y  s p a c e c r a f t .  
F igure  12 shows p r o p e l l a n t  weights and payload r e l a t i o n s h i p s  
fo r  t h e  range of AV up t o  2000 f p s .  A s  an example,propel lant  
weight t o  provide a 500 f p s  space s t a t i o n  o r b i t  keeping c a p a b i l i t y  
i s  3.3% of g ross  weight.  (A  1 m i l l i o n  l b  space  base  would re- 
q u i r e  33,000 lbs of p r o p e l l a n t . )  A p l a n e t a r y  s p a c e c r a f t  wi th  
va r ious  s t a g i n g  maneuvers en rou te  would t y p i c a l l y  r e q u i r e  mid- 
course  p r o p e l l a n t  of f r o m  2 %  t o  4 %  of i n i t i a l  weight  i n  e a r t h  
o r b i t .  

SPACE TUG SIZING CONSIDERATIONS 

Space t u g  s i z i n g  requirements have s t r o n g  i n t e r a c t i o n  
wi th  other hardware elements i n  t h e  I n t e g r a t e d  Program and t h e  
o p e r a t i o n a l  modes u t i l i z e d .  Table 4 cites t h e  f a c t o r s  t h a t  are 
p o s s i b l e  cons ide ra t ions  i n  s i z i n g  the tug .  

Tug v e l o c i t y  c a p a b i l i t i e s  f o r  t h e  classes of mission 
d i scussed  are summarized i n  Table 5. Herein t u g  s i z e s  a t  1 0  
K ,  50 K and 80K are examined. The 1 0  K s i z e  i s  a r b i t r a r i l y  
s e l e c t e d  - t h e  stage could be even smaller. The  50 K t u g  is  
nominal for t h e  I n t e g r a t e d  Program, and t h e  80 K t u g  i s  
appropr i a t e  t o  e l l i p t i c a l  lunar  park ing  o r b i t  o p e r a t i o n s ,  c i ted 
i n  Reference 7 .  A's of .80, .80/.85, and .85 a r e  assumed 
for  t h e  1 0  K ,  50 K and 80 K stages r e s p e c t i v e l y .  The 1 0  K 
t u g  des ign  i s  conceptua l ly  similar t o  t h e  s m a l l  upper k i ck  
s t a g e s  cited i n  Reference 10 .  From t h e s e  d a t a  A on t h e  o r d e r  
of a t  l eas t  .8 should be achievable.  From s t u d i e s  of s t a g e s  
i n  t h e  30 K t o  110 K range ( r e fe rences  1 1 - 1 4 )  A's  i n  excess  of 
.85 would be r e a l i z e d  f o r  t h e  l a r g e r  t ugs .  Addi t iona l  systems 
on t h e  t u g  (Table 3) could however degrade A t o  .80. 

T h e  1 0  K t u g  could be  u t i l i z e d  f o r  ope ra t ions  i n  t h e  
v i c i n i t y  of t h e  s t a t i o n s  i n  e a r t h  and l u n a r  o r b i t s .  A s i n g l e  
1 0  K t u g  w i t h  a crew capsule  could provide t r a n s p o r t a t i o n  f o r  
o r b i t s  s epa ra t ed  by up t o  about 5000 f p s  AV. Tugs opera ted  i n  
s t a g e d  modes could achieve up t o  18,000 f p s  (36,000 f p s  round 
t r i p )  for  payloads of 1000  lbs. A s m a l l  t u g  d e l i v e r e d  t o  t h e  
l u n a r  s u r f a c e  f u l l y  loaded or f u e l e d  on t h e  s u r f a c e  by sub- 
sequent  t ug  f l i g h t s  could provide a c a p a b i l i t y  f o r  l u n a r  s u r f a c e  
t o  o r b i t  rescue  f o r  a crew of 6 and could be u t i l i z e d  as an 
o p e r a t i o n a l  l u n a r  f l y i n g  vehic le .  On a d u a l  mode p l a n e t a r y  
mission t h e  1 0  K t u g  could provide c r e w  r e scue  c a p a b i l i t y ,  and 
provide  ear th  cap tu re  AV for a c r e w  capsule .  
i s  assumed between 5 and 10 K ) .  

(Capsule weight 
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The 50 K t u g  i s  capable of d e l i v e r i n g  a 50 K base t o  
t h e  s u r f a c e  from low c i r c u l a r  l una r  o r b i t .  T h e  50 K tug  can 
a l s o  t r a n s p o r t  a 5 K c r e w  capsule t o  t h e  l u n a r  s u r f a c e  and 
back t o  o r b i t  w i t h  s u f f i c i e n t  margin f o r  a + 1 1 / 2  day launch 
window (9600 f p s  one way AV). A f u l l y  loadgd s t a g e  on t h e  
s u r f a c e  could provide abort d i r e c t l y  t o  e a r t h  o r b i t .  As a f o u r t h  
s t a g e  on Sa turn  V, between 90  K and 95 K could be i n s e r t e d  i n  l o w  
c i r c u l a r  l una r  o r b i t .  On manned p lane ta ry  missions t h e  50 K t ug  
could brake a 50 t o  100  K mission module i n t o  e l l i p t i c a l  e a r t h  
capture  o r b i t  and s e v e r a l  t u g s  (2 t o  4 depending on mission 
c l a s s )  could achieve m i s s i o n  module p l ane ta ry  escape i n  l i e u  of 
main propuls ion.  I n  e a r t h  o r b i t ,  t r a n s f e r s  between o r b i t s  sepa- 
r a t e d  by 8000 t o  1 0 , 0 0 0  f p s  could be achieved by a s i n g l e  re- 
coverable  s t a g e  f o r  placement, r e t r i e v a l  and s e r v i c i n g  of s m a l l  
s a t e l l i t e s .  T rans fe r  AV's from 1 6 , 0 0 0  t o  2 0 , 0 0 0  f p s  could be 
obtained by s t ag ing .  (The ve loc i ty  c a p a b i l i t y  of t h e  s t aged  mode 
i s  notably h ighe r  than t h a t  ava i l ab le  from a s ingle-s tage  e a r t h  
o r b i t / l u n a r  o r b i t  s h u t t l e . )  Table 6 shows space t u g  payload f o r  
s e l e c t e d  unmanned p lane ta ry  missions u t i l i z i n g  series s tag ing .  
Completely reusable  and p a r t i a l l y  r e u s a b l e  (i.e. one t u g  ex- 
pended) modes a r e  compared with TIIID/Centaur ( r e fe rence  15) f o r  
r e p r e s e n t a t i v e  v e l o c i t i e s .  

The 80 K tug  could d e l i v e r  50 K t o  t h e  l u n a r  s u r f a c e  
from 2 4  h r  e l l i p t i c a l  l una r  o r b i t .  With a 5 K crew capsule  a 
recoverable  tug  could achieve 10 ,600  fps  each way. Because of 
the reduced plane change p e n a l t i e s  a s soc ia t ed  wi th  e l l i p t i c a l  
o r b i t s  (750 fps maximum) t h i s  is s u f f i c i e n t  A V  for ar! epec 
a b o r t  launch window (+ 7 days) .  An of f  loaded s t a g e  on the 
s u r f a e e  could achieve-direct  abort t o  e a r t h .  
could be i n j e c t e d  i n t o  low c i r c u l a r  l una r  o r b i t  by t h e  tug a s  a 
f o u r t h  s t a g e  on Saturn V. For earth o r b i t  opera t ions  t h e  80 K 
tug  e s s e n t i a l l y  extends 50 K tug  c a p a b i l i t y  t o  opera t ions  w i t h  
l a r g e r  payloads.  Performance with smal l  payloads i s  p r imar i ly  
dependent on s t a g e  'x and i s  independent of s t a g e  s i z e  per  se. 

Approximately 100 K 

SPACE TUG SUMMARY 

Satel l i te  se rv ic ing  mis s ions  can p l ace  major AV re- 
quirements  on t h e  space tug. T h e  t r a d e o f f  between s e r v i c i n g  from 
a space s t a t i o n  o r  d i r e c t l y  from e a r t h  v i a  space s h u t t l e  m u s t  be 
considered.  Staged tugs provide synchronous o r b i t  (and h ighe r  
AV) c a p a b i l i t y  and can d e l i v e r  s i z a b l e  payloads on unmanned i n -  
t e r p l a n e t a r y  missions.  

A l a r g e  tug  on lunar  missions can provide s u b s t a n t i a l  
out-of-plane maneuvering and can land a l a r g e  base f r o m  high 
e l l i p t i c  l una r  o r b i t .  On p lane tary  missions t h e  tug  can  be 
u t i l i z e d  f o r  e a r t h  r e tu rn  and capture  maneuvers i n  l i e u  of 
t h e  main propuls ion s y s t e m .  Where dua l  p l ane ta ry  s p a c e c r a f t  
a r e  u t i l i z e d  t h e  t ug  can provide rescue c a p a b i l i t y  between 
s p a c e c r a f t .  
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A s  a f o u r t h  s t a g e  on Sa tu rn  V t u g s  i n  t h e  50 K - 80 K 
class can d e l i v e r  i n  excess  of 90 K t o  l o w  c i r c u l a r  l u n a r  o rb i t .  
Performance i s  r e l a t i v e l y  i n s e n s i t i v e  t o  s t a g e  weight. 

For high performance 0 2 / H 2  s t a g e s :  

a. A 50-80 K t u g  s a t i s f i e s  earth o r b i t a l ,  lunar, 
and p l a n e t a r y  mission requirements o f  the 
I n t e g r a t e d  Plan. T h e  l u n a r  mission p r e s e n t l y  
governs t u g  s i z i n g  requirements .  

b. A s m a l l  t u g  provides worthwhile c a p a b i l i t i e s  
f o r  earth o r b i t  and p l a n e t a r y  missions (the 
la t te r  only i f  long term p r o p e l l a n t  storage 
o r  t r a n s f e r  is a v a i l a b l e ) .  

1013-MHS-kle M.’H. Skeer  

Attachment 
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TABLE 5 

SUMMARY OF TYPICAL SPACE TUG AV CAPABILITY 

JG 8 0 ~  TUG COMMENTS 
A=.85 A=.85 

11000 11900 
14300 15300 
19100 2oooo 

13200 13400 
16800 17000 
21400 21 600 

TUG 
13700 13800 PROVIDES 

THIS A V  
EACH WAY 17500 17600 

22000 22100 ON ROUND 
TRIP 

9600 11000 
13500 14900 
16400 18500 

MISSION 

:REW CAPSULE 5600 9600 
3OUND TRIP 12600 

16800 
~ ~~ ~ 

iATELLITE SERVICING 
AAN IPULATOR 
lOUND TRIP 

11 300 
14500 
19OOO 

1 

;ATELLITE 
'LACEMENT 
;ATELLITE 
'LACEMENT 1 

11400 
14900 
18900 

I 11100 
II 14200 
Ill 18200 - 
I 3700 8400 

25 II 6000 11800 
Ill 6700 14500 

$TATION KEEPING lo00 120 600 

I - 9600 
5 (f 1 day) 

(fldayJ (f6 days) 
II 8100 12600 

I 11100 11400 
1 II 14200 14900 

Ill 18200 18900 

I 3700 8400 
25 II 6000 11800 

Ill 6700 14500 

lo00 120 600 

I - 9600 
5 (f 1 day) 

(fldayJ (f6 days) 
II 8100 12600 

I 
$TATION KEEPING 

X E W  CAPSULE 
ROUND TRIP/ 
YRCULAR ORBIT 

[PLANE CHANGE 
4VAILABLE) 

X E W  CAPSULE 
ROUND TRIP/ 
YRCULAR ORBIT 

[PLANE CHANGE 
4VAILABLE) c 9600 

( + 4  Days) 

CREW CAPSULE 

ROUND TRIP/ 
ELLIPTICAL ORBIT 
[PLANE CHANGE 
AVAl LABLE) 

5 

NON RECOVERABLE 
SURFACE BASE 7600 

RESCUE CAPSULE 
(ASCENT PAYLOAD 
ONLY) FULLY 
FUELED ON 
SURFACE 

5 

UNMANNED SPACE- 
CRAFT LAUNCH 

MISSION MODULE 
RETURN 

CREW CAPSULE 
RETURN OR RESCUE 1 5  

MIDCOURSE COR- 
RECTION OF 
PLANETARY 
SPACECRAFT 

lo00 
iwwa 

1200 240 
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FIGURE 5 - SPACE TUG GROWTH FACTORS FOR PAYLOAD RETRIEVAL 
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FIGURE 12 SPACE TUG PROPELLANT WEIGHT AS A FUNCTION OF GROSS WEIGHT 
(STAGE WEIGHT + PAYLOAD) FOR LOW A V  MANEUVERS 
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